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SUMMARY 
An investigation was undertaken to determine the feasibility of depositing 
integrally bonded plasma-sprayed tungsten coatings onto 80-volume-percent 
tungsten - 20-volume-percent uranium dioxide composites. These composites were 
face clad with thin tungsten foil to inhibit uranium dioxide l o s s  at elevated 
temperatures, but loss at the unclad edges was still significant. 
By preheating the composite substrates to approximately 3700' F in a ni- 
trogen environment, metallurgically bonded tungsten coatings could be obtained 
directly by plasma spraying. Furthermore, even though these coatings were thin 
and somewhat porous, they greatly inhibited the loss of uranium dioxide. For 
example, a specimen that was face clad but had no edge cladding lost 5.8 per- 
cent uranium dioxide after 2 hours at 4750' F in flowing hydrogen. A similar 
specimen with plasma-spray-coated edges, however, lost only 0.75 percent ura- 
nium dioxide under the same testing conditions. 
INTRODUCTION 
A homogeneous dispersion of uranium dioxide in a tungsten matrix is under 
investigation as a potential fuel material for nuclear rocket reactors (refs. 
1 and 2). Unfortunately, at the high operation temperatures of interest for 
this application (greater than 40000 F ) ,  uranium dioxide (UOz) has a high vapor 
pressure. Consequently, exposed U02 is rapidly lost from the fuel composites 
at elevated temperatures. In a previous study (ref. 3), a thin cladding of 
unalloyed tungsten on the surfaces of fuel plates greatly reduced the rate of 
U02 loss .  
0.030-in.) were clad with 0.001 to 0.003 inch of tungsten either by a powder- 
metallurgy technique or  by hot rolling tungsten foil onto the surfaces (refs. 
2 and 3). 
plate edges. 
The top and bottom surfaces of such fuel plates (approx. 1- by 6- by 
Such techniques, however, did not readily provide a way to clad the 
For this reason and also in order to develop methods of cladding 
specimens of more complex geometry, a l t e rna t ive  cladding methods a re  being ex- 
plored.  
f e as i b  ili t y  of depo s it ing i n t e g r a l l y  bonded p l  asma-ar c -sprayed tungsten ( W ) 
coatings onto 80-volume-percent W - 20-volume-percent U02  subs t ra tes  and t o  
high temperatures. 
The inves t iga t ion  reported herein w a s  undertaken t o  determine the  
I evaluate  the effect iveness  of t h e  r e s u l t a n t  coatings i n  inh ib i t i ng  U02 l o s s  at 
I Materials 
The specimens t o  be plasma sprayed were port ions of r o l l e d  sheet compos- 
i t e s  (80-percent W and 20-percent U02) i n  which the  U02 w a s  dispersed o r ig ina l -  
l y  i n  t h e  form of 30- t o  60-micron average-particle-diameter microspheres. 
Fabricat ion of such h e 1  sheet i s  described i n  reference 1. Al l  specimens were 
electrodischarge machined i n t o  -- by 1z-inch rectangles  from la rger  p l a t e s  
t h a t  had been face clad by the  rol l -c ladding technique described i n  references 
1 and 2. 
t h e  theo re t i ca l  densi ty .  
s i l i c o n  carbide paper and u l t r a son ica l ly  cleaned i n  acetone. 
removed surface contamination without removing t h e  surface UOz p a r t i c l e s .  
F ina l ly ,  the specimens were washed i n  chemically pure acetone, air dr ied,  and 
s tored  i n  a desiccator  u n t i l  they were used i n  t h e  spraying operation. 
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The densi ty  of these clad canposites w a s  g rea te r  than 98 percent of 
All  specimen edges were l i g h t l y  dressed with 300-grit  
This procedure 
The spray powder w a s  a commercial -70- t o  44-micron grade of tungsten t h a t  
i s  commonly used i n  plasma spraying. 
Plasma Coating 
Preliminary inves t iga t ions  were m a d e  by using standard spray procedures i n  
a water-cooled environmental chamber. These i n i t i a l  trials were car r ied  out i n  
high-purity argon (99.95-percent argon), and spraying w a s  ca r r i ed  out on rough- 
ened subs t ra te  surfaces.  The specimens were cooled during t h e  spray deposi t ion 
wi th  high-purity argon. The poor bond qua l i ty  of t h e  r e s u l t a n t  depos i t s  ind i -  
cated t h a t  these standard plasma-spray techniques were not s a t i s f ac to ry .  
A subsequent inves t iga t ion  by one of t h e  authors ( r e f .  4 )  indicated t h a t  
i f  polished worked-tungsten subs t ra tes  were preheated t o  2000° t o  2700O F be- 
f o r e  plasma spraying, a t r u e  meta l lurg ica l  bond w a s  es tab l i shed  at  the  i n s t a n t  
of impact between the  hot tungsten p a r t i c l e s  and t h e  subs t ra te .  This bonding 
suggested tha t  t he  procedure could be extended t o  the  W-UO2 composites. T h i s  
b e l i e f  w a s  substant ia ted by addi t iona l  exploratory s tudies  made on W-UO2 sub- 
s t r a t e s  i n  which the  e f f ec t  of torch-to-substrate  d i s tance  on t h e  coating- 
subs t ra te  bond w a s  examined. 
All plasma spraying i n  the  present  i nves t iga t ion  w a s  accomplished by 
using the  same spray equipment described i n  reference 4. After  loading a spec- 
imen i n t o  the environmental chamber, evacuating the  chamber t o  20 microns, and 
back f i l l i n g  t o  1 atmosphere with high-purity dry n i t r p e n ,  t h e  torch  w a s  w e r -  
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a ted  a t  these  f ixed conditions:  
Diameter of nozzle, i n .  . . . . . . . . . . . . . . . . . . . . . . . . .  7/32 
Current, amp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  400 
Vol t age ,v  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  60 
Plasma gas, standard cu f t /hr :  
High-purity dry nitrogen . . . . . . . . . . . . . . . . . . . . . . . .  80 
Commercially pure hydrogen . . . . . . . . . . . . . . . . . . . . . . .  10 
Carr ier  gas, high-purity dry nitrogen, standard cu ft/hr . . . . . . . . .  10 
Auger-type powder-hopper se t t i ng ,  u n i t s  . . . . . . . . . . . . . . . . .  11.9 
Each specimen edge of t he  face-clad composite specimens was preheated with 
the  e f f luen t  plasma u n t i l  it reached the  desired temperature, and t h a t  edge w a s  
then sprayed. 
t he  four  edges coated. After being sprayed, each specimen w a s  permitted t o  
cool t o  room temperature i n  the nitrogen environment before it w a s  removed from 
the  chamber. 
I This preheating and spraying sequence w a s  repeated f o r  each of 
For the  W-U02 specimens employed i n  t h i s  invest igat ion,  the  m a x i m u m  torch- 
~ to -subs t ra te  dis tance ( thus,  the  minimum substrate  temperature) a t  which some 
metal lurgical  bonding could be obtained was 3 inches. A t  t h i s  dis tance,  which 
corresponds t o  a subs t ra te  temperature of about 3000' F, complete i n t e r f a c i a l  
bonding d id  not occur. Spraying the  composites a t  a higher subs t ra te  tempera- 
t u re ,  bu t  below t h a t  a t  which much of the UO2 would be lost by evaporation, 
therefore  appeared t o  be desirable  t o  ensure more complete and uniform metal- 
l u r g i c a l  bonding. Since the substrate  temperature r i s e s  qui te  rap id ly  at  
shor te r  working dis tances  ( r e f .  5 ) ,  a torch-to-substrate dis tance of  2 inches 
w a s  used i n  the  f i n a l  s tud ies .  This distance w a s  se lected from the  exploratory 
s tudies  previously mentioned and corresponds t o  a subs t ra te  temperature e s t i -  
mated t o  be about 3700O F. Even though working dis tances  of l e s s  than 2 inches 
might r e s u l t  i n  coatings of higher as-sprayed dens i t i e s ,  shorter  dis tances  w e r e  
not used s ince the  r e su l t an t  subs t ra te  temperatures would be su f f i c i en t  t o  pro- 
mote rap id  v o l a t i l i z a t i o n  of U02. 
I 
I n  this study, t he  thickness of the  sprayed-tungsten cladding w a s  made a 
var iab le  f o r  t he  purpose of evaluating the  UOz r e t en t ion  a t  high temperatures. 
Cladding thickness  w a s  var ied from 0.003 t o  0.018 inch by cont ro l l ing  the  num- 
, b e r  of passes made with the  hand-operated spray torch  across a given preheated 
edge. A l aye r  about 0.0006 inch th ick  was  deposited a t  each pass.  l , 
I Evaluation of U r a n i u m  Dioxide Retention 
I I n  order t o  evaluate the  effect iveness  of the  plasma-sprayed claddings i n  
i ' I 
i 
r e t a in ing  t h e  UOz at high temperatures, specimens were heated f o r  2 hours i n  
flowing hydrogen (34 cu f t / h r  measured at  standard conditions, here inaf te r  re -  
f e r r ed  t o  as standard cu f t /h r )  at one of two temperature l eve l s ,  4500° or  
4750° F. 
ment w a s  used as a measure of t he  UOz loss.  
The lo s s  i n  weight of the  specimen as a r e s u l t  of t h i s  thermal t r e a t -  
~ 
I P r i o r  t o  t h e  45000 or the  47500 F t e s t s ,  t he  as-sprayed specimens were 
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annealed i n  hydrogen f o r  1 / 2  hour a t  30000 F. 
w a s  not only t o  r e l i e v e  any s t r e s s e s  i n  the specimen and the coating but  also 
t o  remove any surface oxides before the  pre tes t  weight of the specimen w a s  
measured. The subsequent high-temperature tests were conducted i n  a zirconia-  
l i n e d  induction furnace, which i s  described i n  the appendix. 
The purpose of t h i s  treatment 
U r a n i u m  dioxide losses  were obtained by weighing a specimen t o  the  nearest  
0.1 m i l l i g r a m  both before and a f t e r  the  high-temperature treatment. The re- 
s u l t a n t  weight l o s s  w a s  assumed t o  be e n t i r e l y  due t o  v o l a t i l i z a t i o n  of UOz. 
This l o s s  i n  weight of the  specimens w a s  corrected f o r  s m a l l  amounts of tung- 
s t e n  pickup t h a t  occurred during the 4750° F t e s t s  as a r e s u l t  of tungsten 
t ranspor t  from the  susceptor. 
tungsten ca l ibra t ion  block along with the  t e s t  specimens. 
the  block w a s  never greater  than 0.0003 g . )  
a l s o  contained a blackbody hole t h a t  permitted accurate temperature measure- 
ments (240" F) with a micropyrometer. 
The correction w a s  obtained by heating a pure 
(Tungsten pickup by 
The tungsten ca l ibra t ion  block 
Supplemental metallographic examinations were made on etched and unetched 
Microstructures both p a r a l l e l  t o  ( longi tudinal  sec t ion)  and perpen- sect ions.  
d icu lar  t o  ( t ransverse sect ion)  t h e  face cladding did not d i f f e r  except f o r  
t h e  shapes of t h e  U02 p a r t i c l e s ,  which were somewhat elongated i n  the r o l l i n g  
d i rec t ion .  
Figure 1. - Transverse cross section of tungsten coating on  tungsten - 20-volume- 
percent u ran ium dioxide substrate as sprayed at torch-to-substrate distance of 
2 inches (substrate preheat temperature of appros. 3700" F).  Etchant, Murakami's 
reagent. X250. 
4 
RESULTS AND DISCUSSION 
A t y p i c a l  transverse 
cross sect ion of a W-UOz 
composite plasma spray clad 
on the edges i s  shown i n  
f igure 1. The i n i t i a l  l a rge  
grain s i z e  of the tungsten 
substrate ,  with subsequently 
fewer surface grain bound- 
a r i e s ,  apparently inh ib i ted  
a complete continuity of 
coating -sub s t r a t e  gra in  
boundaries. This i s  i n  con- 
trast  t o  t h e  degree of con- 
t i n u i t y  previously observed 
i n  the case of tungsten 
sprayed onto worked commer- 
c i a l  tungsten p l a t e  
( r e f .  4 ) .  The typ ica l  co- 
lumnar s t ruc ture  of the 
coating can be seen, how- 
ever, and the bond appears 
t o  be of high qua l i ty .  Sub- 
sequent heating i n  hydrogen 
f o r  1 / 2  hour a t  3000' F ( t h e  
bakeout treatment) had no 
Figure 2. - Effect of plasma-sprayed-coating thickness on uran ium dioxide loss 
from 80-percent tungsten - 20-percent uranium dioxide composites. Specimen 
size, 0.75 by 1.25 by 0.040 inch; roll-clad faces; all edges plasma-spray clad; 
time at temperature in flowing hydrogen, 2 hours. 
Figure 3. - Transverse cross section of uncoated tungsten - 20-volume-percent u ran ium 
dioxide specimen after heating for 2 hours in flowing hydrogen at 4750" F. Etchant. 
Murakarni's reagent. X250. 
e f f e c t  on t h e  as-sprayed 
microstructure, and coating 
recrystaLlizat ion w a s  not 
observed u n t i l  t h e  specimens 
were heated t o  3500° F f o r  
l / Z  hour. 
The r e s u l t s  of the  
weight-loss s tudies  at  
4500° and a t  4750° F can be 
seen i n  f igure  2. This f i g -  
ure i s  a p l o t  of the per- 
centage of UO2 loss  against  
the edge cladding thickness 
f o r  the specimens examined 
i n  t h i s  study. The speci-  
mens with no edge cladding 
are  represented by the 
weight-loss data  a t  the zero 
thickness value. I n  t h i s  
plasma-spray study a minimum 
t h i  ckne s s of approximately 
0.003 t o  0.004 inch of clad- 
ding w a s  required t o  ensure 
complete substrate  coverage 
because of the lack  of uni- 
form t raverse  r a t e s  caused 
by hand operation of the 
torch. Even a t  the  lowest 
complete plasma-coating 
thickness obtained, very 
prominent reduction i n  the 
loss of UO2 w a s  achieved 
(see f i g .  2 ) .  A t  4750° F, 
f o r  2 hours i n  flowing hy- 
drogen, f o r  example, U02 
loss  w a s  decreased from 
5.8 percent at zero cladding 
thickness t o  0.75 percent 
l o s s  with 0.004 inch of 
cladding. 
The effect iveness  of 
t h i n  plasma-sprayed clad- 
dings i n  i n h i b i t i n g  UO2 l o s s  
from the tungsten matrix i s  
fur ther  demonstrated i n  f i g -  
ures 3 and 4, which show 
similar  cross sections of 
the specimen with no edge 
cladding and with 0.004 inch 
of edge cladding, respec- 
Figure 4. - Longitudinal cross section of tungsten-plasma-spray-coated tungsten - M-volume-percent 
uranium dioxide speciman after heating for 2 hours i n  flowing hydrogen at 47%" F. Etchant, 
Murakami's reagent. X250. 
t i v e l y .  
U02 can be observed i n  the  l a t t e r ,  even thoughthere  i s  some porosi ty  v i s i b l e  
i n  the coating. This observation i s  e spec ia l ly  noteworthy s ince several  of t he  
fuel p a r t i c l e s  shown i n  f igure 4 were apparently sectioned p r i o r  t o  spraying, 
and the  cladding e f f ec t ive ly  contained them. S i m i l a r  results were observed 
upon examination of t he  specimens t e s t e d  a t  4500° F. 
The former exhib i t s  a marked loss  of U02, while no v i s i b l e  l o s s  of 
Comparison of t he  microstructures shown i n  f igu res  1 and 4 ind ica tes  t h a t  
t he  sprayed coating underwent r e c r y s t a l l i z a t i o n  and gra in  growth during t e s t i n g  
fo r  2 hours i n  hydrogen a t  4750° F. 
en t ly  occurred during t h i s  sequence. 
Some decrease i n  coating porosi ty  appar- 
This study demonstrated t h a t  plasma-sprayed coatings,  deposited by the  
techniques of reference 4, successful ly  re ta ined  U02 i n  the  W-UO2 composites 
when tes ted  at 4750° F for  2 hours i n  hydrogen. 
may thus be able t o  contr ibute  t o  c e r t a i n  aspects  of mater ia l s  f ab r i ca t ion  r e -  
quired fo r  high-temperature nuclear r eac to r s .  
This spray coating technique 
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CONCLUSIONS 
From an investigation to determine the feasibility of depositing inte- 
grally bonded plasma-sprayed tungsten coatings onto 80-volume-percent tungsten- 
20-volume-percent uranium dioxide composites the following conclusions were 
drawn: 
1. Good-quality metallurgically bonded tungsten coatings can be achieved 
by plasma spraying tungsten onto the edge of uranim dioxide composites when 
the substrate is preheated to approximately 3700' F in a nitrogen atmosphere 
before the plasma spraying. 
2. Such edge coatings are very effective in reducing the uranium dioxide 
loss from the edges of face-clad specimens during subsequent elevated tempera- 
ture testing. 
20-percent uranium dioxide specimen tested at 4750° F for 2 hours in flowing 
hydrogen, for example, was reduced from 5.8 percent for a specimen with no 
edge cladding to 0.75 percent for a specimen with a 0.004-inch-sprayed-tungsten 
coating on the edges. This low loss  of uranium dioxide was experienced in 
spite of the presence of some porosity in the coating. 
The uranium dioxide loss from an 80-percent-tungsten - 
Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio, July 27, 1964 
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APPENDIX - HYDROGEN-ATMOSPHERE INDUCTION FURNACE 
The furnace used for  evaluating the loss  of U02 from W-UO2 compacts at 
high temperatures i s  shown i n  f igure 5. 
NASA personnel and i s  powered by a 75-kilovolt-ampere motor generator t h a t  
operates a t  a frequency of 10,000 cps. The upper temperature capabi l i ty  i s  
about 5000° F f o r  a furnace l i f e  beyond 100 hours, when a tungsten susceptor 
cup ( 2 - i n .  O.D.; 6-in. length; 0.050-in. w a l l )  and a hydrogen flow r a t e  of 10 
t o  40 standard cubic feet per hour i s  used. 
The furnace w a s  designed and b u i l t  by 
Detai ls  of construction not apparent i n  f igure  5 include the  following: 
The turns  of square copper tubing a r e  spaced 1 / 1 6  inch apart  and a r e  held by 
brass  pins t h a t  are brazed t o  the  outside diameter of each turn  and a r e  in-  
se r ted  i n t o  properly spaced holes i n  the Transi te  support s t ruc ture .  The space 
between the turns  i s  f i l l e d  with castable z i rconia .  The outside of the  turns  
i s  insulated with a t h i n  layer  of castable  z i rconia  and a layer  of alumina 
about 3/4 inch th ick  and sealed with f i b e r  g l a s s  impregnated with an epoxy 
r e s i n .  
The e n t i r e  inner surfaces of the turns  a r e  sprayed with zirconia  by a rod- 
flame spray apparatus. Entry t o  the furnace i s  possible from e i t h e r  top or 
bottom, but normally top entry only i s  used f o r  access t o  the susceptor cup, 




'kcataiyit pur i f ier  





Oil-fil led gas bubble traps 
Figure 5. - Hydrogen atmosphere induction furnace used in fuel-loss tests. 
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